S N 1-alkylating agents, such as the mutagenic and cytotoxic drug N-methyl- NЈ-nitro-N-nitrosoguanidine (MNNG), robustly activate the DNA damage-responsive G 2 checkpoint. Establishment of this checkpoint is dependent on a functional mismatch repair (MMR) system; however, exposure to high doses of MNNG overrides the requirement for MMR to trigger G 2 arrest. In addition, unlike moderate-dose exposure, in which the G 2 checkpoint is attenuated in ataxia-telangiectasia, mutated (ATM)-deficient cells, high-dose MNNG treatment activates G 2 arrest through an ATM-independent mechanism. We document that this arrest is sensitive to the pharmacological agents caffeine and 7-hydroxystaurosporine (UCN-01) that inhibit the checkpoint kinases ATM/ATM and Rad-3-related (ATR) and Chk1/Chk2, respectively. Furthermore, these agents block inactivation of the cell-cycle regulatory molecules Cdc25C and Cdc2, establishing the downstream mechanism through which high-dose MNNG establishes G 2 arrest. Activation of both Chk2 and Chk1 was independent of ATM and MMR in response to high-dose MNNG, unlike the response to moderate doses of this drug. Chk2 was found to be dispensable for cell-cycle arrest in response to high-dose MNNG treatment; however, ATR deficiency and decreased Chk1 expression forced by RNA interference resulted in diminished checkpoint response. These results indicate that MNNG activates the G 2 checkpoint through different mechanisms activated in a dosedependent fashion.
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N-Methyl-NЈ-nitro-N-nitrosoguanidine (MNNG)
is a nitrosourea and a monofunctional S N 1-alkylating agent. MNNG and related genotoxic agents are extremely mutagenic, carcinogenic, and evoke a strong cell-cycle arrest and/or apoptotic response. MNNG methylates various nucleophilic centers within the DNA molecule, with methylation of the N 3 position of adenine and the N 7 and O 6 positions of guanine being the predominant lesions. N 3 MeA and N 7 MeG lesions are efficiently repaired by base excision repair (BER). However, the cytotoxic and mutagenic properties of MNNG are believed to principally stem from the methylation of the O 6 position of guanine (Karran and Bignami, 1992; Stojic et al., 2004a) . Direct repair of mutagenic O 6 MeG lesions is accomplished by the repair protein methylguanine-DNA methyltransferase (MGMT). Therefore, lost or diminished MGMT activity results in MNNG-induced increased lesion load and sensitivity to MNNG (Kalamegham et al., 1988) .
In addition to direct repair, O 6 MeG lesions are recognized by the mismatch repair (MMR) system (Griffin et al., 1994; Duckett et al., 1996) . MMR is an evolutionarily conserved DNA repair mechanism that is chiefly responsible for resolving postreplicative mismatches in DNA (Modrich and Lahue, 1996) . Furthermore, MMR has been proposed to play an active role during response to MNNG-induced DNA damage. In particular, exposure to MNNG and related methylators results in robust establishment of G 2 arrest, and MMR-deficient cells are unable to activate either cell-cycle arrest and/or apoptosis in response to these drugs (Goldmacher et al., 1986; Kat et al., 1993; Koi et al., 1994; Meikrantz et al., 1998) . The inability of MMR-deficient cells to respond to MNNG-induced genotoxic insult has been termed alkylation tolerance (Branch et al., 1993; Kat et al., 1993) .
The molecular basis of the alkylation-tolerant phenotype and the mechanistic involvement of the MMR system in growth arrest or apoptogenic signaling is the subject of much attention. Several groups observed that, in response to MNNG, MMR-deficient cells display defective ATR-dependent activation of the kinase Chk1 (Wang and Qin, 2003; Stojic et al., 2004b; Adamson et al., 2005) . Our lab has determined recently, in response to a moderate MNNG dose, that MMR-deficient cells display both faulty Chk1 and Chk2 activation and that both of these kinases are required to fully activate G 2 arrest (Adamson et al., 2005) .
The structurally unrelated Chk1 and Chk2 kinases both phosphorylate the cell-cycle regulatory Cdc25C phosphatase at the Ser216 residue in vitro (Sanchez et al., 1997; Matsuoka et al., 2000) . Phosphorylation of Cdc25C consequently targets this protein for interaction with 14-3-3 proteins that facilitate Cdc25C nuclear export (Peng et al., 1997; Lopez-Girona et al., 1999) . Removal of Cdc25C from the nuclear compartment relieves inhibitory phosphorylation of the cyclin-dependent kinase Cdc2 (Strausfeld et al., 1991; Lee et al., 1992) . Thus, Chk1/Chk2-induced Cdc25C inhibition forms a molecular basis for the G 2 checkpoint by inhibiting the activation of Cdc2 and restricting entry into mitosis.
Activation of Chk2 in response to ␥-irradiation is dependent on direct phosphorylation by the ATM kinase Matsuoka et al., 2000) . On the other hand, the ATM and Rad-3-related kinase ATR activates Chk1 in response to genotoxic insult (Liu et al., 2000; Zhao and Piwnica-Worms, 2001 ). Both ATR and Chk1 are required for activation of the G 2 checkpoint in response to IR and other genotoxins (Sanchez et al., 1997; Liu et al., 2000; Zhao and PiwnicaWorms, 2001 ). In contrast, cells deficient in ATM show no gross defects in the triggering of G 2 arrest in response to IR; rather, ATM-deficient cells are unable to arrest advance into mitosis immediately after ␥-irradiation (Paules et al., 1995; Xu et al., 2002) . Likewise, cells deficient in Chk2 are able to trigger the G 2 /M checkpoint in response to IR (Jallepalli et al., 2003) . These findings support the view that the ATR/ Chk1 pathway is the dominant mechanism controlling the G 2 checkpoint in response to ␥-irradiation. However, several recent reports have highlighted a role for Chk2 in triggering G 2 arrest in response to various stimuli (Masrouha et al., 2003; Castedo et al., 2004; Singh et al., 2004; Wei et al., 2005) .
Our previous investigation focused on the molecular basis of MMR-dependent cell-cycle arrest in response to MNNG, and we documented that MMR-deficient cell lines treated with a high dose of this drug robustly activated the G 2 checkpoint. Other groups have also observed MMR-independent activation of this checkpoint in cells treated with high doses of MNNG (Jaiswal et al., 2004; Stojic et al., 2005) . Herein, we report the mechanisms responsible for this high-dose response and contrast these results with the pathways controlling the response to moderate doses of this alkylating agent.
Materials and Methods
Cell Culture and Drug Treatment. The SV40-immortalized A-T fibroblast line AT22IJE-T stably expressing full-length recombinant human ATM (designated YZ-5) or stably transfected with empty vector (designated EBS-7) were cultured as indicated previously (Ziv et al., 1997) . The MLH1-deficient human colorectal adenocarcinoma line HCT116 and its derivative (HCT116ϩch3) were cultured with or without 400 g/ml G418 as outlined previously (Koi et al., 1994; Umar et al., 1997) . ATR flox/Ϫ cells (Cortez et al., 2001 ) were obtained from Dr. S. Elledge (Baylor College of Medicine, Houston, TX). To abrogate ATR expression in these cells, 1.0 l (1 ϫ 10 6 pfu/l) of adenovirus-expressing Cre recombinase (Ad-Cre) was added to cultures for 2 days. HCT116 Chk2 Ϫ/Ϫ (Jallepalli et al., 2003) were obtained from Drs. B. Vogelstein and F. Bunz (Johns Hopkins Cancer Center, Baltimore, MD). All cell lines were grown at 37°C in a humidified 5% CO 2 incubator. ATM, ATR, Chk2, or MLH1 expression was confirmed in appropriate mutant and control lines by immunoblotting.
MNNG treatment was performed by removing media from cultures of logarithmically growing cells and adding serum-free media. MNNG was then added to the indicated final concentration, and cells were returned to the incubator. After a 1-h drug exposure, the plates were rinsed extensively with PBS, and the cells were refed on complete growth media and returned to the incubator. MNNG (Aldrich Chemical Co., Milwaukee, WI) was dissolved in 0.1 M sodium acetate, pH 5.0, at a stock concentration of 10 mM and stored at Ϫ20°C. UCN-01 was obtained from the Developmental Therapeutics Program of the National Cancer Institute (National Institutes of Health, Bethesda, MD). A 10 mM stock solution of this drug was stored at Ϫ80°C. UCN-01 was added to cell cultures (500 nM final concentration) 45 min before MNNG treatment. Cells were maintained on UCN-01 both during and after MNNG exposure until cells were harvested and analyzed. Caffeine (Sigma Chemical, St. Louis, MO) was diluted in PBS at a stock concentration of 100 mM and stored at room temperature. Caffeine (5 mM final concentration) was added 1 h before MNNG treatment and was maintained in the medium during and after MNNG exposure.
Flow Cytometry. For quantitative analysis of cellular DNA content by flow cytometry, cells were harvested by trypsinization, washed with PBS, fixed in ice-cold 70% ethanol, and stored at Ϫ20°C for a minimum of 24 h. Before analysis, cells were washed twice in PBS followed by a 30-min room temperature incubation in PBS containing 25 g/ml propidium iodide and 100 g/ml RNase A. Cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA), and Ͼ10,000 events were plotted using CellQuest software. Cell-cycle distribution was calculated using ModFit LT 3.0 software (Verity Software House, Topsham, ME).
Immunoblot Analysis. SDS-PAGE and immunoblotting procedures were conducted as outlined previously (Adamson et al., 2002) . Membranes were probed with antibodies directed against total ATM (AM-9) (Allen et al., 2001) , total Chk1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), phospho-Ser317 Chk1 (Cell Signaling Technology Inc., Beverly, MA), total Chk2 (Santa Cruz Biotechnology), phospho-Thr68 Chk2 (Santa Cruz Biotechnology), total Cdc2 (Santa Cruz Biotechnology), phospho-Tyr15 Cdc2 (Cell Signaling), Cdc25C (Santa Cruz Biotechnology), SMC1 (Bethyl Laboratories, Montgomery, TX), or tubulin (a gift from Dr. D. W. Cleveland, University of California, San Diego, San Diego, CA), as indicated. Peroxidaseconjugated secondary antibodies were obtained from Kirkegaard and Perry Laboratories (Gaithersburg, MD) and immunoblot signals detected using Pico-West chemiluminescent substrate (Pierce Chemical, Rockford, IL). Immunoblot signals were quantified using NIH Image software (version 1.63).
Anti-ATR antiserum was created in our laboratory by isolating a ϳ1.1-kilobase segment of the human ATR mRNA transcript by reverse-transcriptase polymerase chain reaction (nucleotides 5294-6321 of the ATR ORF). Thereafter, this cDNA was subcloned as a BamHI/EcoRI fragment into the prokaryotic expression vector pGEX-4T, and clones were verified by automated sequencing. The encoded glutathione S-transferase-ATR fusion protein (ATR amino acids 1765-2107) was induced by the addition of 1 mM isopropyl ␤-D-thiogalactoside to a logarithmically growing culture of TOP-10 (Invitrogen, Carlsbad, CA) Escherichia coli harboring this plasmid. The fusion protein was found to be insoluble; thus, inclusion bodies were isolated. This material was used to immunize three adult New Zealand White rabbits, and one of these rabbits was found to display positive immunoreactivity by immunoblotting after initial immunization and two boosts at 3-week intervals. The resultant antiserum (pAb-ATR39) was used routinely at a dilution of 1:5000 for immunoblot analysis. Rabbit immunization and housing was conducted by Open Biosystems (Huntsville, AL).
Cell Fractionation. Cells were separated into nuclear and cytoplasmic fractions using NE-PER Nuclear and Cytoplasmic Extraction Reagents as outlined by the manufacturer (Pierce). After lysing cells with supplied buffers, nuclei were harvested by centrifugation in a microcentrifuge (5 min, 16,000g, 4°C). Cytoplasmic (supernatant) and nuclear (pellet) fractions were separated and stored at Ϫ80°C before immunoblot analysis.
RNA Interference. Pooled synthetic siRNA duplexes (SMARTpool siRNA) specific for Chk1 and Nontargeting siRNA were purchased from Dharmacon (Lafayette, CO). For siRNA transfection, HCT116 Chk2 Ϫ/Ϫ or HCT116ϩch3 cells were seeded into six-well tissue culture plates at a density of 5 ϫ 10 5 cells/well 24 h before transfection. Just before transfection, medium was removed, and 1 ml of complete growth medium (without antibiotics) was added to each well. Thereafter, 200 l of reaction mix containing 5 l of a 20 M siRNA stock and 2 l of Oligofectamine (Invitrogen) diluted in Opti-MEM was added to each well. After an overnight incubation at 37°C, the cells were split at a 1:4 ratio and then cultured overnight. The following day, the cells were transfected a second time as outlined above. Twenty-four hours after the second transfection, cells were washed, refed on complete growth medium, and treated with 5 or 25 M MNNG for 1 h. MNNG-treated cells were cultured for 48 h and subsequently harvested and fixed for flow cytometry or lysates formed for immunoblot analysis.
Results
High-Dose MNNG Exposure Overrides ATM and MMR-Dependent G 2 Arrest Observed in Response to Moderate Drug Dose. A previous study from our laboratory that addressed the mechanisms responsible for activating the G 2 checkpoint in response to the S N 1-alkylating agent MNNG showed that this response was both ATM and MMRdependent (Adamson et al., 2005) . In particular, treatment of matched ATM-proficient/deficient and MMR-proficient/deficient cell lines with a moderate dose of MNNG (i.e., 5 M) resulted in a blunted checkpoint response in ATM-deficient cells and a complete abrogation of arrest in MMR-deficient cells. However, we also observed that cells deficient in ATM and MMR display normal arrest in response to an increased dose of MNNG. To illustrate this point, we treated the isogenic ATM-proficient, YZ-5, and ATM-deficient EBS-7 lines with 5 M MNNG and with 25 M MNNG (high dose) and analyzed cells 48 h after drug treatment by flow cytometry. G 2 arrest was attenuated in the ATM-deficient EBS-7 cell line in response to 5 M MNNG (Fig. 1A ) compared with response in the isogenic ATM-proficient YZ-5 line (Fig. 1B) . In contrast, robust G 2 arrest at this time point was observed after exposure to 25 M MNNG in both YZ-5 and EBS-7 cells.
MNNG response was also examined using the MMR-deficient HCT116 and MMR-proficient HCT116ϩch3 colorectal tumor cell lines in parallel experiments. MMR-deficient HCT116 cells were unable to activate the G 2 checkpoint 48 h after exposure to 5 M MNNG treatment (Fig. 1C ). In contrast, HCT116ϩch3 cells displayed a robust G 2 arrest in response to 5 M MNNG exposure (Fig. 1D ). Both HCT116 and HCT116ϩch3 cells treated with 25 M MNNG displayed a substantial G 2 arrest 48 h after drug treatment (Fig. 1, C and D, respectively) . Taken together, these results indicate that high-dose MNNG treatment activates the G 2 checkpoint through an ATM and MMR-independent mechanism(s). For clarity, we refer to moderate-dose MNNG exposure as the MNNG dose that activates a MMR-dependent G 2 arrest, whereas high-dose exposure is that dose which activates an MMR-independent checkpoint response.
We determined previously that checkpoint response to moderate doses of MNNG was ablated by the pharmacological agents caffeine and UCN-01. Caffeine is a potent inhibitor of the PIK-like protein kinase family (Sarkaria et al., 1998 (Sarkaria et al., , 1999 , and two of the members of this family (ATM and ATR) are linked to genotoxin-induced activation of G 2 arrest (Abraham, 2001 ). We pretreated EBS-7 and HCT116 cells with 5 mM caffeine before 25 M MNNG exposure and maintained the cells on 5 mM caffeine until the cells were harvested 48 h after MNNG treatment and subsequently analyzed by flow cytometry. We observed that caffeine treatment resulted in nearly complete abrogation of G 2 arrest in both EBS-7 ( UCN-01 (7-hydroxystaurosporine) is a strong inhibitor of the cell cycle kinase Chk1 (Graves et al., 2000) and the functionally related, yet structurally dissimilar, Chk2 kinase (Yu et al., 2002) . Similar to caffeine treatment, EBS-7 and HCT116 cells were treated and maintained on 500 nM UCN-01 after exposure to 25 M MNNG. We observed that UCN-01 abrogated G 2 arrest 48 h after 25 M MNNG exposure in both EBS-7 and HCT116 lines (Fig. 1, E and F, respectively) . Cells treated with UCN-01 only showed no apparent cell cycle arrest indicating that this drug is inhibiting signaling in response to MNNG. The results of these experiments using pharmacological inhibitors connect highdose MNNG response and conserved ATM/ATR and Chk1/ Chk2-dependent pathways.
High-Dose MNNG Exposure Activates G 2 Arrest Via Inhibition of the Cell-Cycle Regulatory Molecules Cdc25C and Cdc2. Previous work from our laboratory indicated that G 2 arrest in response to moderate doses of MNNG is attributable, at least in part, to inactivation of Cdc25C and Cdc2 (Adamson et al., 2005) . Therefore, we next examined these downstream biochemical mechanisms during high-dose MNNG-induced response. In particular, we assessed nuclear retention of the cell-cycle phosphatase Cdc25C and accumulation of catalytically inactive cyclin-dependent kinase Cdc2 after exposure to 25 M MNNG. Analysis of isolated EBS-7 nuclei harvested 48 h after 25 M MNNG demonstrated a striking decrease in the nuclear levels of Cdc25C in these cells after high-dose MNNG exposure ( Fig. 2A) . As shown previously (Adamson et al., 2005) , this ATM-deficient line does not dramatically down-regulate nuclear levels of Cdc25C in response to 5 M MNNG. Although slight fluctuations in nuclear Cdc25C abundance were observed, these experiments clearly indicate that this molecule was maintained at a high level in cells treated with a combination of MNNG and caffeine or MNNG and UCN-01. These results indicate that these pharmacological inhibitors inhibit G 2 arrest through a blockade of Cdc25C export from the nucleus in response to high-dose MNNG. Parallel experiments were carried out on the MMR-deficient HCT116, and identical results were obtained (Fig. 2B ). These findings indicate that exposure to high-dose MNNG leads to marked decreases in Cdc25C abundance within the nucleus of both ATM and ATR/Chk1 Pathway Controls High-Dose MNNG Response MMR-deficient cell lines at the time of optimal G 2 arrest similar to ATM and MMR-proficient cell lines treated with moderate doses of MNNG (Adamson et al., 2005) .
Next, whole-cell lysates from MNNG-treated EBS-7 and HCT116 cells were immunoblotted with the phospho-Tyr15 Cdc2-specific antibody. Phosphorylation of Cdc2 at residue Tyr15 inhibits the catalytic activity of this cyclin-dependent kinase, and accumulation of Tyr15-phosphorylated Cdc2 is correlated with G 2 arrest (Kharbanda et al., 1994) . In EBS-7 cells treated with 5 M MNNG, we observed a modest accumulation of inactive Cdc2 (Fig. 2C ). This result is consistent with the attenuated checkpoint response displayed by this line in response to a moderate dose of MNNG. In response to 25 M MNNG, however, we observed a striking level of Tyr15-phosphorylated Cdc2 48 h after drug exposure. Accumulation of phosphorylated Cdc2 was blocked in cells pretreated and maintained on either caffeine or UCN-01 along with 25 M MNNG exposure. These results indicate that these pharmacological inhibitors block G 2 arrest through a block of Cdc2 inactivation. Again, similar results were obtained in parallel experiments conducted on HCT116 cells (Fig. 2D) . The only notable difference between MNNG response in HCT116 and EBS-7 cells is that HCT116 cells show no increase in Tyr15-phosphorylated Cdc2 in response to 5 M MNNG exposure. This finding is consistent with the abrogated checkpoint activation shown by this MMR-deficient line after treatment with 5 M MNNG. In summary, these findings indicate that, similar to response to a moderate MNNG dose, high-dose MNNG exposure activates G 2 arrest through inactivation of both Cdc25C and Cdc2.
Activation of Chk1 and Chk2 Do Not Require Either ATM or MMR in Response to High-Dose MNNG Treatment. We reported recently that in response to a moderate dose of MNNG, activation/phosphorylation of both Chk1 and Fig. 1 . High-dose MNNG exposure activates an ATM-and MMR-independent G 2 arrest that is abrogated by the pharmacological inhibitors caffeine and UCN-01. A, ATM-deficient EBS-7 fibroblasts were either mock-treated or exposed to 5 or 25 M MNNG, harvested at 48 h, fixed, stained with propidium iodide, and analyzed by flow cytometry. The percentage of cells in the histogram containing 4N DNA content is indicated. B, ATM-proficient YZ-5 fibroblasts were treated and analyzed as outlined in A. C, MMR-deficient HCT116 colorectal tumor cells were treated and analyzed as outlined in A. D, MMR-proficient HCT116ϩch3 cells were treated and analyzed as outlined in A. E, EBS-7 cells were pretreated with 5 mM caffeine for 1 h before exposure to 25 M MNNG, and caffeine was maintained in the growth medium throughout the incubation period. Otherwise, EBS-7 cells were pretreated with 500 nM UCN-01 for 45 min before MNNG exposure, and UCN-01 was maintained in the growth medium throughout the incubation period. Mock-treated, 25 M MNNG-only treated, 25 M MNNG ϩ caffeine-treated, caffeine only-treated, 25 M MNNG ϩ UCN-01-treated, and UCN-01 only-treated cells were harvested 48 h after MNNG treatment and then fixed, stained with propidium iodide, and analyzed by flow cytometry. The percentage of cells displaying a 4N DNA content is noted. F, HCT116 cells were treated and analyzed as outlined in E.
Chk2 occurs in an MMR-dependent manner, whereas Chk2 activation also requires ATM activity (Adamson et al., 2005) . To determine whether Chk1 and/or Chk2 are activated during their response to high-dose MNNG exposure, we assessed the phosphorylation state of these molecules in EBS-7 and HCT116 cells after treatment with 25 M MNNG. Immunoblot analysis of extracts formed from 25 M MNNG-treated EBS-7 cells with phospho-Ser317 Chk1-specific antibody, a post-translational modification linked to catalytic activation of this kinase (Zhao and Piwnica-Worms, 2001 ), detected an increase in Chk1 phosphorylation with 5 M MNNG treatment (Fig. 3A) . This agrees with previous findings indicating that Chk1 activation occurs in an ATM-independent manner in response to MNNG. However, we measured a notable increase in Chk1 phosphorylation (1.9-fold) in extracts from EBS-7 cells treated with 25 M compared with those exposed to 5 M MNNG. In MMR-deficient HCT116 cells, we again observed no Chk1 activation in response to 5 M MNNG (Fig.  3B) . However, robust Chk1 Ser317 phosphorylation was evident in these cells in response to 25 M MNNG. These experiments indicate that compared with the response mounted after exposure to a lower dose of MNNG, high-dose MNNG exposure results in heightened Chk1 activity in EBS-7 cells and promotes activation of Chk1 through an MMR-independent mechanism.
Extracts from MNNG-treated EBS-7 and HCT116 cells . Cells were harvested 48 h after MNNG exposure and were subsequently fractionated into nuclear and cytoplasmic fractions. These nuclear fractions were immunoblotted with anti-Cdc25C (top) or SMC1 (bottom; nuclear fraction loading control). B, HCT116 cells were analyzed as outlined in A. C, EBS-7 cells were treated as outlined in A; however, total cell lysates were formed from the harvested cells, and these were subjected to immunoblot analysis with phospho-Tyr15 Cdc2-specific antibody (top) or anti-total Cdc2 (bottom) to confirm equal protein abundance. D, HCT116 cells were analyzed as outlined in C. were also assayed for phosphorylation of the Thr68 residue of Chk2. Phosphorylation of this residue is linked to activation of the Chk2 kinase . EBS-7 cells displayed no Chk2 phosphorylation in response to 5 M MNNG, reinforcing the ATM-dependence of Chk2 phosphorylation in response to moderate doses of MNNG (Fig. 3C) . However, prominent phosphorylation of Chk2 was detected in EBS-7 cells treated with 25 M MNNG. As shown previously, HCT116 cells treated with 5 M MNNG exhibited no detectable Chk2 phosphorylation (Fig. 3D) . However, exposure to 25 M MNNG resulted in significant Chk2 phosphorylation. These results indicate that unlike the MMR and ATM-dependent nature of Chk2 phosphorylation/activation observed in response to moderate doses of MNNG, activation of Chk2 in response to high-dose MNNG exposure is not dependent on either ATM or MMR. ATR Is Required for Chk1 Activation and Establishment of G 2 Arrest in Response to High-Dose MNNG Exposure. In light of the inhibitory effect of caffeine on G 2 arrest and the ATM-independent nature of both checkpoint activation and Chk1 and Chk2 activation, we hypothesized that ATR activity is essential to triggering G 2 arrest in response to high-dose MNNG exposure. To address this question, we tested the ATR flox/Ϫ cell line (Cortez et al., 2001) . This cell line is a derivative of HCT116 that contains one disrupted ATR allele, and the other ATR allele has been engineered to contain loxP sites flanking exon 2. Expression of Cre recombinase results in the efficient excision of exon 2, resulting in the introduction of a frameshift mutation within the ATR transcript and consequential premature truncation of the ATR protein. Therefore, Cre recombinase expression results in the conditional loss of ATR expression. Treatment of the parental HCT116 line with Ad-Cre for 48 h resulted in no detectable decrease in ATR expression (Fig. 4A, top) . As shown previously (Cortez et al., 2001) , ATR abundance in uninfected ATR flox/Ϫ cells was diminished compared with the parental HCT116 line containing two functional ATR alleles, and Ad-Cre infection of ATR flox/Ϫ cells resulted in a dramatic decrease in ATR abundance. To ensure that ATM expression was unaltered in these cells, these extracts were also immunoblotted with anti-ATM (Fig. 4A, middle) . Both HCT116 and ATR flox/Ϫ lines displayed no detectable alterations in ATM expression, regardless of Ad-Cre infection.
Next, we immunoblotted extracts of MNNG-treated ATRflox/Ϫ cells with phosphospecific Chk1 and Chk2 antibodies. We observed the activation of Chk1 after 25 M MNNG treatment in ATR flox/Ϫ cells not infected with Ad-Cre (Fig.  4B) . After Ad-Cre infection, however, ATR flox/Ϫ cells displayed no detectible Chk1 activation in response to 25 M MNNG. Furthermore, Ad-Cre infection alone had no detectable effect on the accumulation of phosphorylated Chk1. These lysates were also assessed for Chk2 phosphorylation/ activation. Again, we observed significant Chk2 phosphorylation in response to 25 M MNNG in uninfected ATR flox/Ϫ cells (Fig. 4C) . Furthermore, no Chk2 phosphorylation was observed in response to Ad-Cre infection alone. In direct contrast to Chk1 phosphorylation, robust phosphorylation of Chk2 was observed after 25 M MNNG in Ad-Cre infected in ATR flox/Ϫ cells. These results argue against a strict requirement for ATR in the activation of Chk2 in response to 25 M MNNG, and because ATM is present in these cells (Fig. 4A) , it is likely that Chk2 is activated by ATM in ATR-deficient cells.
Flow cytometry was subsequently performed in uninfected and Ad-Cre-infected ATR flox/Ϫ cells and HCT116 cells treated in parallel. We observed typical robust G 2 arrest (73%) 48 h after 25 M MNNG treatment in the parental HCT116 cell line (Fig. 4D) . Furthermore, MNNG-induced G 2 arrest in HCT116 was unaltered by infection with Ad-Cre. In uninfected ATR flox/Ϫ cells, exposure to 25 M MNNG resulted in less robust accumulation of cells arrested in G 2 (51%) compared with the response observed uninfected HCT116. This outcome is probably the result of decreased expression of ATR in the ATR flox/Ϫ cells compared with the parental line. Consistent with this interpretation, a reduction in G 2 arrest (28%) was observed in MNNG-treated, AdCre-infected ATR flox/Ϫ cells. In both HCT116 and ATR flox/Ϫ lines, we found that Ad-Cre infection alone did not induce G 2 arrest. Analysis of three independent experiments (Fig. 4F) indicate that 25 M MNNG-treated ATR flox/Ϫ cells display a statistically significant decrease in G 2 arrest (p ϭ 0.005, Student's t test, two-sided) compared with MNNG-treated HCT116 cells, and Ad-Cre infection of ATR flox/Ϫ cells resulted in a highly significant decrease in MNNG-induced G 2 arrest (p ϭ 2.5 ϫ 10 Ϫ5 ) compared with HCT116. The interpretation that this diminished G 2 arrest is attributable to reduced ATR expression is supported by the observation that MNNGtreated, Ad-Cre infected ATR flox/Ϫ cells display a significant (p ϭ 0.002) reduction in G 2 arrest compared with uninfected MNNG-treated ATR flox/Ϫ cells. Because measurable G 2 arrest was observed in MNNG-treated, Ad-Cre-infected ATRflox/Ϫ cells, we cannot strictly conclude that ATR is sufficient to induce G 2 arrest in response to high-dose MNNG exposure. However, from these findings, we do conclude that ATR is required for activation of Chk1 but not Chk2, and that ATR, but not ATM, is required for establishing G 2 arrest in response to high-dose MNNG exposure.
High-Dose MNNG-Induced G 2 Arrest Is Chk2-Independent. The findings outlined above indicate that the cellcycle arrest triggered by high-dose MNNG exposure is ATRdependent and that this correlates with ATR-dependent Chk1 activation. However, Chk2 was robustly phosphorylated/activated in response to 25 M MNNG. To test a potential role for Chk2 in the activation of G 2 arrest in response to high-dose MNNG exposure, we obtained an HCT116 derivative cell line deficient in Chk2 (Jallepalli et al., 2003) . Immunoblot analysis of these cells confirmed Chk2 deficiency and indicated that Chk1 abundance was unaltered in HCT116 Chk2 Ϫ/Ϫ cells (Fig. 5A) . In response to 25 M MNNG exposure, HCT116 Chk2
Ϫ/Ϫ cells exhibited a robust (66%) G 2 arrest 48 h after drug exposure. In addition, pretreatment and maintenance of these cells on UCN-01 during and after 25 M MNNG treatment completely abrogated G 2 arrest in this cell line (Fig. 5B) . As a result of this finding, we conclude that the ATM/Chk2 pathway is not required for G 2 checkpoint signaling in response to high doses of MNNG.
Chk1 Is Required for Establishment of G 2 Arrest after High-Dose MNNG Exposure. The results outlined above indicate the importance of ATR in activation of the G 2 checkpoint in response to high-dose MNNG exposure. To ascertain that the ATR/Chk1 pathway is involved in triggering high-dose MNNG-induced G 2 arrest, we used RNA interference (RNAi) technology to reduce Chk1 expression in cultured cells. First, we used HCT116 Chk2 Ϫ/Ϫ cells to uniquely isolate the role of Chk1 in activating this checkpoint. Immunoblot analysis of HCT116 Chk2
Ϫ/Ϫ cells transfected with pooled, Chk1-specific siRNA duplexes documented a 2.5-fold reduction of total Chk1 compared with mock-transfected (no siRNA) or control-transfected (nontarget siRNA) cells (Fig. 6A) . When these cells were treated with 25 M MNNG and assayed by flow cytometry 48 h after drug, we observed that mock-and control-transfected cells displayed a robust G 2 blockade (63%) (Fig. 6B) . Cells transfected with Chk1-specific siRNA and subsequently treated with 25 M MNNG displayed a reduced percentage of cells in G 2 (52%). This ϳ16% reduction in G 2 -arrested cells supports the notion that Chk1 is a necessary molecular component in the G 2 checkpoint pathway activated in response to high-dose MNNG.
Although consistently reproducible, the reduction in G 2 arrest produced by siRNA-mediated Chk1 depletion was notably modest compared with results obtained in Chk1 siRNAtransfected cells treated with 5 M MNNG (Adamson et al., 2005) . In a previous study, we observed a reproducible ϳ50% reduction in 5 M MNNG-induced G 2 arrest in HCT116ϩch3 cells transfected with Chk1 siRNA. We hypothesized that the more subtle effects observed in cells treated with 25 M are attributable to increased Chk1 catalytic activity in cells treated with 25 M compared with Chk1 activity in cells treated with 5 M MNNG. This thinking stemmed from our observation that the accumulation of phosphorylated/activated Chk1 in MNNG-treated EBS-7 cells is 1.9-fold higher in cells treated with 25 M than in cells treated with 5 M (Fig. 3A) . To confirm that this dose-dependent increase in Chk1 phosphorylation/activation is a general phenomenon, we treated HCT116ϩch3 cells with 5 and 25 M MNNG and subjected lysates from these cells to immunoblot analysis with phospho-Ser317 Chk1-specific antibody. Similar to our previous findings using EBS-7 cells, we observed that HCT116ϩch3 cells treated with 25 M MNNG displayed a 2.2-fold elevated level of phosphorylated/activated Chk1 compared with cells treated with 5 M MNNG (Fig. 6C) . From these observations, we conclude that higher doses of MNNG trigger a more robust activation of Chk1.
Next, we conducted flow cytometry analysis on Chk1 siRNA-transfected HCT116ϩch3 cells treated with either 5 or 25 M MNNG. We observed, in close agreement with results obtained from similarly manipulated HCT116 Chk2 Ϫ/Ϫ cells, that transfection with pooled, Chk1-specific siRNA resulted in a 4.9-fold reduction in Chk1 expression in HCT116ϩch3 cells compared with compared with mock-and control siRNA-transfected cells (Fig. 6D) . Furthermore, flow cytometry analysis of mock-and control siRNA-transfected HCT116ϩch3 cells treated with either 5 or 25 M MNNG indicated that these manipulations resulted in no apparent diminishment in G 2 arrest at either MNNG dose (Fig. 6E) . From these experiments, we conclude that siRNA-mediated knockdown of Chk1 produces a more significant effect on G 2 arrest in response to moderate doses of MNNG compared with response to high-dose MNNG exposure. Moreover, it is reasonable to speculate that this effect stems, in part, from heightened Chk1 activity in cells treated with higher doses of this alkylating agent.
Discussion

MNNG-Induced Checkpoint Signaling: High-Versus
Moderate-Dose Response. It has long been established that G 2 checkpoint activation in response to S N 1-alkylating agents is triggered via an MMR-dependent mechanism (Goldmacher et al., 1986; Kat et al., 1993; Koi et al., 1994; Hawn et al., 1995) . We and others (Jaiswal et al., 2004; Stojic et al., 2005) , however, have observed that substantially higher doses of MNNG triggered G 2 arrest in MMR-deficient cells. Here, we document that in cells treated with high-dose MNNG, both Chk1 and Chk2 are activated in an MMRindependent fashion. The MNNG-induced G 2 checkpoint occurs independently of ATM, Chk2, and MMR, and checkpoint establishment is reliant on the ATR/Chk1 signaling pathway. Compared with earlier studies that examined mechanisms responsible for MMR-dependent G 2 arrest (Stojic et al., 2004b; Adamson et al., 2005) , we conclude that MNNG activates the G 2 checkpoint through various pathways, and these different mechanisms are activated in a dose-dependent manner.
We observed that caffeine and UCN-01 blocked the establishment of the G 2 checkpoint in response to high-dose MNNG exposure. These drugs exerted similar effects in response to moderate doses of MNNG (Adamson et al., 2005) . We also examined the effects of these agents on two downstream events linked to G 2 checkpoint establishment: Cdc25C and Cdc2 inactivation. Our previous work demonstrated that inactivation of these molecules in response to moderate doses of MNNG was dependent on a functional MMR system, indicating that Cdc25C and Cdc2 are targeted for inactivation in response to MNNG (Adamson et al., 2005) . Our present findings indicate that Cdc25C and Cdc2 are also inactivated in response to high-dose MNNG exposure; thus, both moderate-dose and high-dose response use, at least in part, similar downstream mechanisms to block cell-cycle advance. However, it bears consideration that other G 2 check-point pathways may be activated in response to MNNG and other genotoxic drugs. Additional investigation is clearly required to fully elucidate the mechanisms that halt cell-cycle advance at the G 2 /M transition point.
One of the prominent dissimilarities between response to moderate doses of MNNG (MMR-dependent G 2 arrest-activated) and high doses of MNNG (MMR-independent G 2 arrest-activated) is differences in Chk1 and Chk2 activation. In response to IR, Chk2 is activated by ATM through phosphorylation of the Thr68 residue . Mat- suoka et al. (1998) also determined that Chk2 was activated in an ATM-independent manner in response to hydroxyurea and UV light and that this was most likely attributable to ATR activity. Here, we document that Chk2 activation is ATM-independent during high-dose MNNG response, and because ATR is activated in response to MNNG, it is plausible that ATR is responsible for the Chk2 phosphorylation observed in ATM-deficient cells after high-dose MNNG exposure. ATM-independent Chk2 activation also occurs in response to high-dose IR exposure (Matsuoka et al., 1998) , suggesting that dose-responsive activation of Chk2 by ATR may be a general phenomenon after genotoxin exposure. It also bears consideration that the ATM and ATR-related kinase DNA-PK has recently been shown to phosphorylate Chk2 as well (Li and Stern, 2005) .
In response to replication block and UV light, ATR activates Chk1 (Liu et al., 2000) . Although Chk1 phosphorylation in response to IR seems somewhat reduced compared with UV-induced response (Zhou and Elledge, 2000) , Chk1 is required for the activation of G 2 arrest in response to IR (Liu et al., 2000) . MMR-deficient cells fail to activate Chk1 in response to MNNG doses, resulting in MMR-dependent G 2 arrest (Stojic et al., 2004b; Adamson et al., 2005) . Herein, we show that high-dose MNNG exposure results in the phosphorylation of Chk1 via an MMR-independent mechanism, and Chk1 is required to establish G 2 arrest in response to high-dose MNNG exposure. Taken together, these findings indicate that although Chk1 is activated through differing mechanisms, depending on the extent of MNNG-induced lesions, Chk1 is an indispensable component in the G 2 checkpoint machinery.
In contrast to our previous study in which we observed that RNAi-induced depletion of Chk2 resulted in diminished G 2 checkpoint activation after moderate doses of MNNG (Adamson et al., 2005) , we document that Chk2-deficient cells show no observable perturbation in G 2 arrest after high doses of MNNG, but Chk1 is required for establishment of this checkpoint. Despite their structural dissimilarity, common downstream targets for Chk1 and Chk2, such as p53, Cdc25A, and Cdc25C, exist (Sanchez et al., 1997; Matsuoka et al., 1998; Chehab et al., 2000; Shieh et al., 2000; Falck et al., 2001; Zhao et al., 2002) . By using peptide libraries to assess Chk1 and Chk2 substrate specificity, O'Neill et al. (2002) found substantial differences between these two serine/threonine kinases. This finding supports the view that Chk1 and Chk2 are only partially redundant in function and that there are probably distinct damage-responsive Chk1-or Chk2-dependent pathways. We documented that 25 M MNNG results in a quantitatively higher level of phosphorylated Chk1 compared with response to 5 M MNNG in two distinct cell lines (e.g., EBS-7 and HCT116ϩch3). It is therefore possible that in response to high-dose MNNG exposure, Chk1-dependent checkpoint pathways are activated that are either inactive or minimally active during response to lower doses of MNNG. In this scenario, Chk2 activity would be required to fully activate the G 2 checkpoint in response to moderate doses of MNNG by promoting full activation of redundant pathways or activating other Chk2-dependent mechanisms. On the other hand, heightened Chk1 activity produced during response to a high dose may override the Chk2 requirement observed at lower doses of MNNG. This effect is possible by either potently activating redundant pathways or triggering other nonredundant mechanisms not activated in response to moderate-dose exposure. A more comprehensive understanding of pathways that establish the G 2 checkpoint is clearly needed to more precisely interpret the functional contribution of Chk1 and Chk2 to the triggering of this checkpoint.
Molecular Basis of Response to MNNG. MNNG exposure results in the methylation of multiple nucleophilic centers within the DNA molecule. N-Methylated purines (N 3 A, N 7 G) are recognized by specific DNA glycosylases and are repaired by BER, whereas O 6 MeG is repaired by both direct repair and excision repair mechanisms. The DNA repair protein MGMT is responsible for the direct repair of O 6 MeG by directly demethylation. In addition, the MMR system recognizes O 6 MeG in either O6Me:T or O6Me:C base pairs (Griffin et al., 1994; Duckett et al., 1996) . Persistent O 6 MeG lesions are widely viewed as the lesions that trigger MMR-dependent checkpoint signaling (Bellacosa, 2001; Stojic et al., 2004a) .
In response to high-dose MNNG exposure, however, there is no apparent requirement for MMR to trigger effective checkpoint signaling. This suggests that lesions other than O 6 MeG activate checkpoint mechanisms. Methyl-methane sulfonate (MMS) is an S N 2-alkylating agent that primarily alkylates the N 3 position of adenine and N 7 position of guanine but alkylates the O 6 positions of guanine to a very small extent. Resultant MMS-generated N 3 A and N 7 G adducts are primarily repaired by BER. During BER, glycosylases hydrolyze the glycosidic bond between the nitrogenous base and the deoxyribose moiety in the DNA backbone, thus creating an apurinic/apyrimidinic (AP) site. Furthermore, because base alkylation weakens the glycosidic bond (Loeb and Preston, 1986) , AP sites can arise without glycosylase activity. AP sites are subsequently recognized by an endonuclease that catalyzes AP site-directed strand scission (Demple et al., 1991) . In vitro studies indicate that ligation of the newly synthesized DNA strand is the rate-limiting step in BER (Srivastava et al., 1998; Sung and Mosbaugh, 2003) , explaining the occurrence of strand breaks in cells exposed to both S N 1 and S N 2 alkylators (Schwartz, 1989) .
We have shown previously that 25 M MNNG induces rapid catalytic activation of ATM and accumulation of DNA strand breaks, as scored by the Comet assay (Adamson et al., 2002) . Stojic et al. (2005) showed recently that formation of ␥H2AX foci and activation of Chk1/2 also occur rapidly after high-dose MNNG exposure. Whereas both ATM activation and ␥H2AX are correlated with the presence of double-strand breaks (DSBs) in the genome (Abraham, 2001; Pilch et al., 2003) , these biochemical events indicate that DSBs occur in response to high-dose MNNG exposure. DSBs generated by alkylators are caused by the simultaneous processing of clustered AP sites on opposite DNA strands (Lomax et al., 2004) , and their abundance would be expected to be proportional to initial lesion load. However, given the ATM-independent nature of high-dose MNNG G 2 checkpoint activation, it is unlikely that MNNG-induced DSBs are the dominant lesion that triggers activation of this checkpoint.
Because of persistent N-alkylated bases and AP sites, MMS exposure results in the stalling of DNA replication (Tercero and Diffley, 2001) . Electron microscopy has revealed that replication fork stalling results in the generation of long regions of single-stranded DNA (ssDNA) attributed to asymmetric DNA synthesis during replication of the damaged template (Sogo et al., 2002) . The ATR/ATRIP complex binds to the ssDNA binding protein RPA and that this association promotes localization of ATR to sites of stalled replication (Zou and Elledge, 2003) . Although the importance of the recruitment of ATR to ssDNA remains in question (Ball et al., 2005) , it is clear that ATR responds to stalled replication by activating Chk1 and a consequential checkpoint response (Sanchez et al., 1997; Liu et al., 2000; Zhao and PiwnicaWorms, 2001 ). Thus, it is formally possible that stalled replication is the dominant lesion to which the cells trigger a checkpoint response after high-dose MNNG exposure.
